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A Gain-Adaptive High-Order Terminal Sliding Mode
Observer Under SPMSM Sensorless Control

Chonghui Song , Member, IEEE, Wenbing Hu , Jiayan Zhang , Chunwang Zhao , and Xianrui Sun

Abstract—In this article, a gain-adaptive (GA) high-order ter-
minal sliding mode observer (HOTSMO) is designed for back-
electromotive force (back-EMF) estimation in the sensorless control
of permanent magnet synchronous motors. The proposed observer
features an adaptive gain mechanism that dynamically adjusts the
sliding mode gain coefficient based on the system state. During the
reaching phase with large observation errors, the gain coefficient
is elevated to ensure observer stability. As the system approaches
the sliding surface, the gain coefficient automatically reduces to
suppress chattering while maintaining estimation accuracy. The
adaptive mechanism is achieved through real-time coordination
between the sliding mode surface function and the gain coeffi-
cient. Compared with the conventional HOTSMO, the proposed
GA-HOTSMO effectively suppresses chattering and reduces both
current and back-EMF estimation errors while maintaining ob-
server stability. The effectiveness of the proposed GA-HOTSMO is
validated through comprehensive theoretical analysis and experi-
mental results.

Index Terms—Chattering suppression, finite-time convergence,
gain adaptive (GA), high-order terminal sliding mode observer
(HOTSMO), permanent magnet synchronous motor (PMSM),
sensorless control.

I. INTRODUCTION

SURFACE-MOUNTED permanent magnet synchronous
motors (SPMSMs) have been widely used in industrial

applications owing to the advantages of high efficiency, high
power density, and high control accuracy [1]. However, the high
cost, large size, and poor stability of high-precision mechanical
position sensors result in increased expense, extra space occu-
pation, and decreased reliability, sensorless control of perma-
nent magnet synchronous motors (PMSMs) has been receiving
increasing attention [2]. The model-based PMSM sensorless
control framework has been widely applied in medium and
high-speed regions [3], [4], [5], [6]. In the sensorless control

Received 17 July 2024; revised 24 October 2024; accepted 28 December 2024.
Date of publication 3 January 2025; date of current version 26 February 2025.
This work was supported by the Youth Research Projects of Liaoning Provin-
cial Education Department under Grant LJ212410149034. Recommended for
publication by Associate Editor R. Kennel. (Corresponding author: Chonghui
Song.)

Chonghui Song, Wenbing Hu, Jiayan Zhang, and Chunwang Zhao are
with the College of Information Science and Engineering, Northeastern
University, Shenyang 110819, China (e-mail: chonghui.song@gmail.com;
2310256@stu.edu.cn; zjy1115787@163.com; zhao194196@163.com).

Xianrui Sun is with the College of Information Engineering, Shenyang Uni-
versity of Chemical Technology, Shenyang 110142, China (e-mail: xian.ruisun
@163.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3525550.

Digital Object Identifier 10.1109/TPEL.2025.3525550

framework, the performance of observers plays a key role in the
control system, such as sliding mode observers (SMOs) [7], [8],
[9], [10], model reference adaptive observers [11], full-order ob-
servers [12], and extended Kalman filter observers [13]. Among
these methods, SMO has advantages of strong robustness and
fast convergence. However, the chattering problem caused by
discontinuous control law is an inherent drawback of SMO [14].
Moreover, the traditional linear sliding mode surface cannot
achieve finite-time convergence of state variables [15]. Thus,
chattering and nonfinite-time convergence are two key issues
limiting the application of SMO. Gain-adaptive (GA) control
has been studied in [16], [17], [18], and [19], but most of them are
applied to sliding mode controllers or low-order SMOs, and few
have been applied to high-order terminal sliding mode observers
(HOTSMO). The idea of gain adaptation can further reduce the
chattering effect of SMOs.

First, concerning the chattering suppression problem of
SMO, Comanescu [20] smoothed the discontinuous control
law by adding a low-pass filter (LPF), but the introduction of
LPF inevitably leads to phase delay and amplitude error. Wang
et al. [21] proposed an extended SMO to suppress chattering.
However, it can only guarantee the convergence of stator
current error term, not the convergence of the stator current
error derivative term. This results in errors in the estimated
back-electromotive force (back-EMF) and extracted rotor
position.

Second, in light of the problem that SMO is unable to
achieve finite-time convergence, Wang et al. [22] improved the
convergence rate by using exponential control law, but could
not achieve finite-time convergence, resulting in steady-state
errors in the system. Lee et al. [23] introduced an integral
sliding mode surface applicable to continuous control law to
achieve finite-time convergence, but sacrificed the robustness of
SMO. Wang et al. [24] proposed a high-order sliding mode load
torque observer to achieve finite-time convergence. However,
since the load torque observer is only used for feedforward
compensation in the speed loop, it cannot be directly applied
to SPMSM position estimation. In [25], a hybrid terminal SMO
was proposed, but it is only applicable to first-order SPMSM
models. Moreover, its rotor position is calculated in open-loop
based on the estimated back-EMF, which is very sensitive to
system noise. In [26], an HOTSMO was proposed, addressing
the disadvantage that traditional extended SMO back-EMF error
cannot achieve finite-time convergence to zero. Although the
designed terminal sliding mode surface and high-order control
law achieved finite-time convergence of stator current error and
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observed back-EMF, the control law gain needs to be balanced
in terms of chattering suppression, ensuring observer stability,
and system dynamic performance. Therefore, although a larger
gain coefficient ensures observer stability, it causes system over-
shoot and severe oscillations, thus reducing closed-loop system
stability. Hence, effectively reducing chattering while ensuring
observer stability is an urgent problem to be solved.

Therefore, this article proposes a gain-adaptive high-order
terminal sliding mode observer (GA-HOTSMO) that suppresses
chattering while improving the estimation accuracy of back-
EMF and rotor position, and also ensures finite-time con-
vergence. To address the problem that the control law gain
coefficient designed in [26] needs to be set to a larger value to sat-
isfy the stability of the observer, which leads to larger chattering,
this article introduces a sliding mode surface function term in
the gain coefficient. The gain coefficient will adaptively adjust
with the change of the sliding mode surface function, further
weakening chattering. When the observation error is large, the
gain coefficient will automatically adjust to a larger value with
the sliding mode surface function to ensure observer stability;
when the observation error decreases, the gain coefficient will
automatically adjust to a smaller value to weaken system chat-
tering. Therefore, the real-time GA-HOTSMO proposed in this
article can achieve finite-time convergence, effectively reduce
chattering, decrease overshoot, and improve system dynamic
performance.

II. HOTSMO PROBLEM ANALYSIS

Fig. 1 represents the two-level power topology and its SVC
framework of SPMSM. In the αβ stationary coordinate system,
the SPMSM mathematical model is as follows [21]:

d

dt

[
iα
iβ

]
=

[
−Rs

Ls
0

0 −Rs

Ls

] [
iα
iβ

]
+

1

Ls

[
uα − eα
uβ − eβ

]
(1)

where iα and iβ are the stator currents on the αβ axes, uα and
uβ are the stator voltage components on the αβ axes, Ls is the
stator inductance, Rs is the stator resistance, and eα and eβ are
the back-EMF components on the αβ axes[

eα
eβ

]
= ωeψf

[− sin θe
cos θe

]
(2)

where ωe is the electrical angular speed, ψf is the permanent
magnet flux linkage, and θe is the rotor electrical angle.

From (1)

di

dt
= Ai+B(u− e) (3)

where i = [iα iβ ]
T , u = [uα uβ ]

T , e = [eα eβ ]
T , A = −Rs

Ls
I,

B = 1
Ls

I, and I =
[
1 0
0 1

]
.

In the SVC, in order to obtain the estimated speed, an SMO can
be used to observe e. Nevertheless, without compromising sys-
tem robustness, the conventional SMO based on the first-order
model struggles to provide chattering suppression and precise
rotor position estimate.

In PMSM systems, the mechanical time constant is signifi-
cantly larger than the electrical time constant, resulting in slower

Fig. 1. Two-level drive system topology of PMSM.

rotor speed variations compared to electrical dynamics [21],
[30]. Therefore, assume that dωe/dt = 0, meaning the rotor
speed can be considered constant during the electrical transient
analysis. By treating e in (3) as an extended state, the extended
mathematical model of SPMSM is established [21]

d

dt

[
i
e

]
=

[
A11 A12

0 A22

] [
i
e

]
+

[
B
0

]
u (4)

where A11 = A, A12 = −B, A22 = ωeJ, J =
[
0 −1
1 0

]
.

Although the extended SMO based on (4) achieves the con-
vergence of current error, it cannot guarantee the convergence
of the derivative term of observed current error, which leads to
the inability to achieve finite-time convergence of back-EMF
estimation and results in rotor position estimation errors. In
order to achieve chattering suppression and finite-time conver-
gence, the HOTSMO was proposed in [26]. The terminal sliding
mode surface and the high-order sliding mode control law of
the HOTSMO are represented by (5) and (6), respectively

s =
dδi
dt

+ β|δi|sign(δi) (5)

Zi = − β | δi |γ sign(δi)− un

dun

dt
= − gun + ksign(s) (6)

wheres denotes the sliding mode surface of the HOTSMO,Zi =
[Ziα Ziβ ]

T represents the control law of the HOTSMO, δi =
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[δiα δiβ ]
T indicates the stator current error, sign() represents the

sign function, and g, k, β, γ are controller gains.
Combining the sliding mode surface and control law, the

HOTSMO mathematical model is as follows:

d

dt

[
î

ê

]
=

[
A11 A12

0 Â22

][
î

ê

]
+

[
B

0

]
u+

[
Zi

Δ

]
(7)

whereˆ represents the estimated value, Â22 = ω̂eJ, ω̂e is the
observed electrical angular velocity, and

Δ = [m sign(sα)m sign(sβ)]
T (8)

where m is the gain coefficient.
In [26], to achieve stable conditions, k and m in HOTSMO

should satisfy

{
k > max (|A11D|+ |gunα| , |A11D|+ |gunβ |)
m > max

(|ω̂eδeα | ,
∣∣ω̂eδeβ

∣∣) (9)

where δe = [δeα δeβ ]
T is the back-EMF error andD is the upper

bound of the current differential error satisfying [25]

0 ≤ max

(∣∣∣∣dδiαdt
∣∣∣∣ ,
∣∣∣∣dδiβdt

∣∣∣∣
)

≤ D. (10)

Since the sliding mode surface function s contains not only
the current error term but also the derivative term of the current
error, after the observer are stabilized, it ensures the convergence
of the observed current error term and the current error derivative
term.

However, when selecting the gain coefficients for HOTSMO,
if a larger gain coefficient is chosen to ensure the stability of the
observer, then chattering increases and the system’s dynamic
performance deteriorates. On the other hand, if a smaller gain
coefficient is chosen to suppress chattering, although it improves
the system’s dynamic performance, it cannot guarantee the
stability of the observer. When k and m satisfy (9), HOTSMO
is stable, but k and m are fixed values and need to be greater
than the product of the maximum back-EMF error and estimated
electrical angular velocity throughout the control period. When
the observation error is in the process of approaching the slid-
ing mode surface, the observed back-EMF error is relatively
large, and a larger m value is required to satisfy the stability
condition of the observer. However, a larger gain coefficient
will cause greater chattering, leading to a larger observed back-
EMF error, and thus resulting in a larger error in the extracted
speed and position information from the phase-locked loop.
That is, the stability of the observer is achieved at the ex-
pense of sacrificing system dynamic performance and increasing
chattering.

Therefore, this article proposes a real-time GA-HOTSMO,
which can achieve the stability and finite-time convergence of
the observer while improving system dynamic performance and
reducing chattering.

Fig. 2. Framework of the SPMSM sensorless control system.

III. GA-HOTSMO DESIGN

A. GA-HOTSMO Model Built

The terminal sliding mode surface of GA-HOTSMO is de-
signed as

s =

[
sα
sβ

]
=

d

dt

[
δiα
δiβ

]
+ β

[
|δiα |γsign(δiα)
|δiβ |γsign(δiβ )

]
(11)

where β > 0 and 0 < γ < 1.
Define the adaptive function

M(s, t) = m̄(t)

[
ε+ |sα|a 0

0 ε+ |sβ |a
]

(12)

where ε is a very small positive number, a is the power exponent,
m̄(t) is the adaptive adjusting coefficient, and M(s, t) will
adaptively adjust according to s.

The SPMSM model for GA-HOTSMO is

d

dt

[̂
i
ê

]
=

[
A11 A12

0 Â22

] [̂
i
ê

]
+

[
B
0

]
u+

[
Zi

Δ̄

]
(13)

where Zi is the same as in (6) and

Δ̄ =

[
M (sα, t) sign (sα)
M (sβ , t) sign (sβ)

]
. (14)

Fig. 2 depicts the block diagram of the SPMSM sensorless
drive based on FOC using GA-HOTSMO and an improved
quadrature-component-based phase-locked loop [27].
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B. Stability Analysis of GA-HOTSMO

Choose the Lyapunov function as

V =
1

2
sT s. (15)

Differentiate (15)

dV

dt
= sT

ds

dt
. (16)

According to the Lyapunov stability condition, dV /dt < 0
ensures the stability of the proposed observer.

Subtracting (4) from (13) yields the differential of stator
current error, i.e.,

dδi
dt

= A11δi +A12δe − un − β |δi|γ sign (δi) . (17)

Substituting (17) into (11)

s = A11δi +A12δe − un. (18)

In (13), considering that the mechanical time constant of a
PMSM system is significantly larger than the electrical time con-
stant, the electrical angular speed ωe is assumed to be constant.
However, during acceleration and deceleration, instantaneous
speed estimation errors are inevitable [30]. Consequently, in
the stability analysis, the assumption ω̂e = ωe may be overly
restrictive. To verify the stability of the observer designed under
this assumption, it is necessary to prove stability before the
estimation error converges to zero. Thus, we define the speed
estimation error as follows:

δωe
= ω̂e − ωe. (19)

Subtracting (4) from (13) yields the differential of the back-
EMF error

dδe
dt

= Â22ê−A22e+M(s, t) sign(s)

= δωe
Jê− ω̂eJδe − δωe

Jδe +M(s, t) sign(s). (20)

Substituting (6) and (20) into the derivative of (18)

ds

dt
= − k sign(s) +A11

dδi
dt

+ gun

+A12(δωe
Jê− ω̂eJδe − δωe

Jδe +M(s, t) sign(s)).
(21)

Substituting (21) into (16)

dV

dt
= sT

⎛
⎜⎝−ksign(s) +A11

dδi
dt + gun +A12(δωe

Jê

−ω̂eJδe − δωe
Jδe +M(s, t) sign(s))

⎞
⎟⎠ .

(22)
After rearranging (22)

dV

dt
= − k|sα|+ sα

(
− Rs

Ls

dδiα
dt

+ gunα

)

− k|sβ |+ sβ

(
− Rs

Ls

dδiβ
dt

+ gunβ

)

− 1

Ls
(sαω̂eδeβ + sαm̄(t)(ε+ |sα|a)sign(sα))

− 1

Ls
(−sβω̂eδeα + sβm̄(t)(ε+ |sβ |a)sign(sβ))

− 1

Ls
(−sαδωe

(êβ − δeβ ) + sβδωe
(êα − δeα)). (23)

Substituting (23) into (10), it can be obtained that

dV

dt
< − k|sα|+ |sα|

(
Rs

Ls
D + |gunα|

)

− k|sβ |+ |sβ |
(
Rs

Ls
D + |gunβ |

)

− 1

Ls
(sαω̂eδeβ + sαm(t)(ε+ | sα |a)sign(sα))

− 1

Ls
(−sβω̂eδea + sβm(t)(ε+ | sβ |a)sign(sβ))

− 1

Ls
(−sαδωe

(êβ − δeβ ) + sβδωe
(êα − δeα)). (24)

Since ε > 0 and δe → 0, m̄(t) has a limited value. To achieve
dV /dt < 0 in (24), the two adjustable gains k and m̄(t) should
satisfy⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

k > max
(∣∣∣Rs

Ls
D − gunα

∣∣∣ , ∣∣∣Rs

Ls
D − gunβ

∣∣∣)
m̄(t) > max

( |ω̂e(t)δeβ (t)|+δωe (êβ+δeβ )

ε+|sα(t)|a

|ω̂e(t)δeα (t)|+δωe (êβ+δeβ )

ε+|sβ(t)|a
)
.

(25)

Considering the bounded nature of the term
|δωe

(ê+ δe)|/(ε+ |s|a), we redefine the adaptive gain as
follows:

m̄(t) = m̄(t0) + max

( |ω̂e(t)δeβ (t)|
ε+ |sα(t)|a ,

|ω̂e(t)δeα(t)|
ε+ |sβ(t)|a

)
(26)

where m̄(t0) represents the initial value of the adaptive gain at
time t0.

To ensure sufficient stability margin, the condition m̄(t0) >
E must be satisfied, where E is a positive constant that guaran-
tees adequate damping against system uncertainties and pertur-
bations.

In real applications, the stator resistance Rs and stator in-
ductance Ls of a PMSM may drift due to temperature rise
and magnetic saturation. Therefore, merely satisfying (25) may
lead to system instability. In fact, the mismatch range of stator
resistance Rs and stator inductance Ls in real applications is
within 0.2 p.u. From (25), it can be seen that stator resistance
Rs and stator inductanceLs mainly affect the range of k. Hence,
considering the extreme case where the mismatch range of stator
resistanceRs and stator inductanceLs is 0.2 p.u., k must satisfy
the following condition:

k > max

(
3Rs

2Ls
D + |gunα|, 3Rs

2Ls
D + |gunβ |. (27)
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Based on the stability analysis, selecting appropriate k, m̄(t),
and a can ensure the observe stability. Moreover, by introducing
s, the equivalent gain coefficient can adaptively change in real-
time, effectively reducing chattering and improving back-EMF
estimation accuracy.

C. Chattering Attenuation Analysis of GA-HOTSMO

To evaluate the chattering suppression effectiveness of the
proposed GA-HOTSMO, a comprehensive analysis of the esti-
mated back-EMF ê and the high-order terminal sliding mode
control inputs Zi and Δ̄ is conducted, comparing them with
those of the traditional HOTSMO.

From (13), the estimated back-EMF ê based on GA-
HOTSMO can be expressed as follows:

ê =

∫ (
Â22ê+M(s, t)sign(s)

)
dt. (28)

In (28), the integration operation on discontinuous control
law Δ̄ provides a smoothing effect on the back-EMF estimation,
thereby mitigating the chattering phenomenon.

The high-order terminal sliding mode control rate Zi of the
designed GA-HOTSMO is same to that of HOTSMO, as shown
in (6). The term un can be expressed as follows:

un =
k

s+ g
sign(s) (29)

where k
s+g represents a standard LPF model with g as the

equivalent cutoff frequency, enabling smooth control signals
despite the inherent discontinuities of sliding mode control.

The distinctive feature of GA-HOTSMO lies in its adaptive
gain coefficient M(s, t), which evolves dynamically based on
the sliding mode surface s and adaptive function m̄(t) according
to (14). The adaptive mechanism exhibits two characteristic
phases as follows.

1) Dynamic response in reaching phase: For large magnitude
of s,M(s, t) maintains sufficient amplitude to satisfy the reach-
ing condition, thereby ensuring robust convergence and observer
stability.

2) Performance in sliding phase: As s converges to the
sliding surface, M(s, t) adaptively decreases to an appropri-
ate value, effectively suppressing the chattering phenomenon
while preserving estimation accuracy.

In the presence of disturbances (e.g., load changes), s and
m̄(t) increase synchronously, elevatingM(s, t) to meet stability
conditions (25). Subsequently, as observation errors converge, s
decreases naturally, prompting m̄(t) to reduceM(s, t), thereby
achieving chattering suppression while maintaining system sta-
bility.

As demonstrated in Fig. 3, the proposed GA-HOTSMO signif-
icantly reduces the chattering range of δe compared to traditional
HOTSMO, thereby enhancing back-EMF estimation accuracy.

D. Finite-Time Convergence Analysis of GA-HOTSMO

One of the main objectives in designing the GA-HOTSMO
observer is to achieve finite-time convergence. According to
Lyapunov stability theory, by selecting appropriate values for

Fig. 3. Comparison of control inputs and chattering curves under HOTSMO
and GA-HOTSMO.

k and m̄(t) as indicated in (26) and (27), the system dynamics
can converge to the sliding mode surface s in finite time and
remain on this surface thereafter. Under this condition, equation
(11) can be expressed as follows:

d

dt

[
δiα

δiβ

]
= −β

[
|δiα |γsign(δiα)
|δiβ |γsign(δiβ )

]
. (30)

According to the finite-time stability theory of the error sys-
tem [32], given initial conditions where δi(0) �= 0, it is possible
to ensure that δi converges to zero in finite time by appropriately
choosing the values of β and γ [24]. When the sliding mode
surface s = 0, δi = 0, implying that the derivative of the current
error dδi

dt = 0.
From [33], the convergence time of the stator current error is

given by

t =
1

β(1− γ)
δi(0)

1−γ (31)

where δi(0) represents the stator current error at the moment
when the system state is disturbed (e.g., during load changes on
the motor).

The GA-HOTSMO observer also ensures the convergence of
the estimated back-EMF term. As discussed in [26], the error in
the back-EMF term can be expressed as

δe = A−1
12

(
dδi
dt

−A11δi + β
∣∣∣δi∣∣∣γsgn(δi) + un

)
. (32)

When s = 0, it follows from (6) and (30) that un = 0 and
δi = 0. Substituting these into (32) yields δe = 0.

In conclusion, the GA-HOTSMO observer guarantees finite-
time convergence of the entire system, including both the current
error and its derivative as well as the back-EMF error, signifi-
cantly enhancing the accuracy of motor speed estimation.

IV. IMPLEMENTATION OF THE PROPOSED GA-HOTSMO

In this section, a systematic approach for tuning the GA-
HOTSMO parameters is presented. Subsequently, a method for
obtaining the derivative of the current error signal is proposed,
employing the Savitzky–Golay filter.
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A. Parameter Tuning of GA-HOTSMO

The performance of the proposed GA-HOTSMO observer
depends critically on the appropriate selection of its parameters:
β, γ, g, k, ε, a, and m̄(t). These parameters must be tuned to
balance convergence speed, chattering suppression, and overall
system stability. The tuning guidelines are as follows.

1) Parameter β: Influences the convergence rate and stabil-
ity of the sliding mode surface. A larger β accelerates con-
vergence but may increase chattering. It should be selected to
balance rapid convergence with chattering mitigation.

2) Parameter γ: Determines the nonlinearity of the sliding
mode surface. Lower values of γ enhance convergence speed
but can exacerbate chattering, while higher values smooth the
control signal but slow down convergence. A common choice
is γ = 0.5, offering a compromise between responsiveness and
stability [28].

3) Parameter g: Acts as an LPF coefficient in the con-
trol law, affecting dynamic response and noise attenua-
tion. Smaller values improve noise suppression but reduce
responsiveness; larger values enhance responsiveness but may
increase chattering. g should balance noise filtering with dy-
namic performance.

4) Parameter k: Affects the amplitude of the control input.
Increasing k enhances disturbance rejection and dynamic re-
sponse but may lead to overshoot and oscillations. k should
satisfy the stability condition in (27) and be tuned to achieve a
balance between performance and stability.

5) Parameter ε: A small positive constant used to prevent
division by zero in the adaptive gain function. Typically set
to a negligible value (e.g., ε = 0.001) with minimal impact on
system dynamics.

6) Parameter a and m̄(t): Play significant roles in chat-
tering suppression and convergence speed. The exponent a
influences how the sliding surface function s affects the adap-
tive gain M(s, t), with a typical range between 0.5 and 1.5.
The adaptive gain m̄(t) adjusts M(s, t) in real-time, enhanc-
ing responsiveness when necessary. However, excessive m̄(t)
may increase chattering. Therefore, a and m̄(t) should be
tuned jointly to balance convergence speed and chattering
suppression.

In practical implementation, it is not feasible to manually
adjust all parameters during operation. Parameters such as β,
γ, g, k, and ε can be fixed based on design considerations and
simulation results. The adaptive gain m̄(t) adjusts automatically
during operation and does not require manual tuning. Parameter
a may require fine-tuning during experimental validation to
account for model uncertainties and achieve the desired per-
formance.

B. Robust Current Error Derivative Estimation of
GA-HOTSMO

To enhance the performance of the proposed GA-HOTSMO
approach, a robust method for estimating the derivative of
the current error, δi, is implemented. This method combines
Savitzky–Golay filtering with an adaptive noise thresholding

Fig. 4. Flowchart of Savitzky–Golay filtering and adaptive noise threshold for
current error derivative.

Fig. 5. Experimental platform.

Fig. 6. Actual current, estimated current, current error, and derivative of
current error at 3 N.m load torque and 500 r/min motor speed. (a) HOTSMO.
(b) GA-HOTSMO.

mechanism to mitigate noise effects and ensure stable derivative
estimates, as illustrated in Fig. 4.

The Savitzky–Golay filter utilizes a five-point window to
approximate the first derivative of the current estimation error.
Precomputed filter coefficients of [−2,−1, 0, 1, 2]/10 are ap-
plied to a rolling buffer of the five most recent values of δi. The
computed derivative is expressed as follows:

dδi
dt

=

5∑
i=1

ci · δi,i (33)

where ci represents the ith coefficient, and δi,i is the ith
most recent error value in the buffer. This approach ef-
fectively smoothens the current error signal, minimizing
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Fig. 7. Estimated back-EMF and back-EMF error at 3 N.m load torque and
500 r/min motor speed. (a) HOTSMO. (b) GA-HOTSMO.

Fig. 8. Actual current, estimated current, current error, and derivative of
current error at 3 N.m load torque and 1500 r/min motor speed. (a) HOTSMO.
(b) GA-HOTSMO.

Fig. 9. Estimated back-EMF and back-EMF error at 3 N.m load torque and
1500 r/min motor speed. (a) HOTSMO. (b) GA-HOTSMO.

Fig. 10. Actual current, estimated current, current error, and derivative of
current error at 9 N.m load torque and 1500 r/min motor speed. (a) HOTSMO.
(b) GA-HOTSMO.

Fig. 11. Estimated back-EMF and back-EMF error at 9 N.m load torque and
1500 r/min motor speed. (a) HOTSMO. (b) GA-HOTSMO.

Fig. 12. Sliding mode surface function s curves under three different operating
conditions. From top to bottom: load torque of 3 N.m at a motor speed of
500 r/min, load torque of 3 N.m at a motor speed of 1500 r/min, and load torque
of 9 N.m at a motor speed of 1500 r/min. (a) HOTSMO. (b) GA-HOTSMO.

Fig. 13. Adaptive gain m̄(t) during load and speed changes from 3 N.m at
500 r/min to 3 N.m at 1500 r/min, followed by load variations between 3 and
9 N.m at 1500 r/min.

the amplification of high-frequency noise during derivative
calculation.

To further mitigate the impact of sudden noise spikes, an
adaptive noise thresholding mechanism is employed alongside
the Savitzky–Golay filter. An exponentially weighted mov-
ing average (EMA) of the absolute derivative values is main-
tained to estimate the average rate of change of the current
error

EMAt = (1− α) · EMAt−1 + α ·
∣∣∣∣dδidt

∣∣∣∣
t

(34)

whereα is the smoothing factor. If the current derivative exceeds
a threshold defined by the EMA and a sensitivity factor λ, the
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TABLE I
SPMSM PARAMETERS

previous output value is retained

output =

{
dδi
dt , if

∣∣dδi
dt

∣∣ ≤ λ · EMAt

previous output, otherwise.
(35)

This combined approach provides effective noise suppression
and stable derivative estimation, ensuring reliable performance
in real-time control applications.

V. EXPERIMENTAL VERIFICATION

To validate the proposed GA-HOTSMO, a 2.3 kW SPMSM
experimental platform was constructed, as shown in Fig. 5.
The torque of the SPMSM is controlled by a magnetic powder
brake. The control algorithm is executed on a 32-bit fixed-point
microcontroller, the TMS320F28027, from Texas Instruments.
The power converter consists of a dc power supply and an
inverter.

The control methods are the SVC of the PMSM with the
GA-HOTSMO and the HOTSMO, respectively. The parameters
of GA-HOTSMO are set as k = 120, g = 600, β = 100, γ =
0.5, a = 0.86, ε = 0.001, the adaptive adjustment coefficient
m̄(t0) = 80. The parameters of HOTSMO are set as k = 120,
g = 600,β = 100, γ = 0.5, the fixed gain coefficientm = 2000
which is the minimum value that ensures the stability of the
observer. For the SPMSM drive based on FOC, the current
loop bandwidth is set to 600 Hz, the operating frequency of the
orthogonal PLL is set to 200 Hz [27], and the cutoff frequency
and phase margin of the speed loop are set to 38 Hz and 81◦,
respectively. Table I shows the parameters of the SPMSM used
in the experiment.

A. Steady-State Performance Verification

Figs. 6 and 7 show the experimental results observed by two
observers when the load torque is 3 N.m and the SPMSM runs at
500 r/min. Figs. 8 and 9 show the experimental results observed
by two observers when the load torque is 3 N.m and the SPMSM
runs at 1500 r/min. Figs. 10 and 11 show the experimental results
observed by two observers when the load torque is 9 N.m and
the SPMSM runs at 1500 r/min. The curves are, in order, actual
current, estimated current, current error, derivative of current
error, motor back-EMF, and back-EMF error.

As shown in Figs. 6, 8, and 10, the actual and estimated
currents observed by both HOTSMO and GA-HOTSMO are
generally consistent, but the current observed by GA-HOTSMO
is more accurate. This is evidenced by the current error and its
derivative. When the load torque is 3 N.m and the SPMSM runs
at 500 r/min, the current error range estimated by HOTSMO
is δi ∈ (−3.68 mA, 4.24 mA), and the derivative of the es-
timated current error ranges from (−320 mA, 332 mA). In
contrast, the current error range observed by GA-HOTSMO
is δi ∈ (−2.10 mA, 1.76 mA), with the derivative of the es-
timated current error ranging from (−128 mA, 148 mA) .
When the load torque is 3 N.m and the SPMSM runs at
1500 r/min, the current error range estimated by HOTSMO
is δi ∈ (−6.72 mA, 5.44 mA), with the derivative of the esti-
mated current error ranging from (−360 mA, 424 mA). Mean-
while, the current error range observed by GA-HOTSMO is
δi ∈ (−3.42 mA, 3.07 mA), with the derivative of the esti-
mated current error ranging from (−212 mA, 168 mA). When
the load torque is 9 N.m and the SPMSM runs at 1500
r/min, the current error range estimated by HOTSMO is δi ∈
(−4.33 mA, 2.72 mA), with the derivative of the estimated
current error ranging from (−420 mA, 428 mA). In contrast,
the current error range observed by GA-HOTSMO is δi ∈
(−1.74 mA, 1.6 mA), with the derivative of the estimated cur-
rent error ranging from (−248 mA, 196 mA). These results
indicate that the current error observed by GA-HOTSMO is
smaller, allowing it to quickly and accurately observe the stator
current and ensure the accuracy of the back-EMF estimation.
Furthermore, the difference in the derivatives of the estimated
current errors between GA-HOTSMO and HOTSMO is partic-
ularly significant, greatly enhancing the accuracy of the motor
speed estimation.

As shown in Figs. 7, 9, and 11, the estimated back-EMF
values obtained by HOTSMO and GA-HOTSMO are generally
consistent, but the back-EMF values observed by GA-HOTSMO
are more accurate, as evidenced by the comparison of back-EMF
errors. When the load torque is 3 N.m and the SPMSM runs at
500 r/min, the range of back-EMF error estimated by HOTSMO
is δe ∈ (−9.24 mV, 9.05 mV), while the back-EMF error range
observed by GA-HOTSMO is δe ∈ (−5.22 mV, 4.86 mV) .
When the load torque is 3 N.m and the SPMSM runs at 1500
r/min, the range of back-EMF error estimated by HOTSMO is
δe ∈ (−8.31 mV, 8.5 mV), while the back-EMF error range ob-
served by GA-HOTSMO is δe ∈ (−6.47 mV, 5.63 mV). When
the load torque is 9 N.m and the SPMSM runs at 1500 r/min,
the range of back-EMF error estimated by HOTSMO is δe ∈
(−9.48 mV, 9.7 mV), while the back-EMF error range observed
by GA-HOTSMO is δe ∈ (−6.05 mV, 4.81 mV). The exper-
imental results show that the back-EMF error observed by
GA-HOTSMO is significantly smaller than that observed by
HOTSMO. Since GA-HOTSMO can more accurately observe
the current and back-EMF, the PLL can more accurately extract
the speed and rotor position information from the back-EMF.

Fig. 12 shows the sliding mode surface function s waveforms
for both HOTSMO and GA-HOTSMO. The curves from top
to bottom represent the sliding mode surface function wave-
forms under the following conditions: a load torque of 3 N.m
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Fig. 14. Control input Δ̄ variation curves when the load torque changes from
3 N.m at 500 r/min to 3 N.m at 1500 r/min, and then to 9 N.m at 1500 r/min.

at a motor speed of 500 r/min, a load torque of 3 N.m at
a motor speed of 1500 r/min, and a load torque of 9 N.m
at a motor speed of 1500 r/min. When the load torque is
3 N.m and the SPMSM runs at 500 r/min, the range of the
sliding mode surface function s observed by HOTSMO is
s ∈ (−408 p.u., 413 p.u.)(1 p.u. = 0.001), while the range ob-
served by GA-HOTSMO is s ∈ (−176 p.u., 165 p.u.). When
the load torque is 3 N.m and the SPMSM runs at 1500 r/min,
the range of the sliding mode surface function s observed by
HOTSMO is s ∈ (−419 p.u., 365 p.u.), while the range ob-
served by GA-HOTSMO is s ∈ (−187 p.u., 195 p.u.). When
the load torque is 9 N.m and the SPMSM runs at 1500 r/min,
the range of the sliding mode surface function s observed by
HOTSMO is s ∈ (−435 p.u., 440 p.u.), while the range ob-
served by GA-HOTSMO is s ∈ (−288 p.u., 259 p.u.). The re-
sults indicate that, in steady state, the GA-HOTSMO exhibits a
smaller range of chattering in the sliding mode surface function
s compared to the HOTSMO under various load conditions and
motor speeds. This means that the GA-HOTSMO can more
effectively suppress chattering while maintaining stability.

B. Transient Performance Verification

Figs. 13 and 14 illustrate the variation in the adaptive gain
m̄(t) and the control input Δ̄ during load and speed changes,
where 1 p.u. = 1. Specifically, Fig. 13 presents the adaptive gain
m̄(t) variations under speed transitions from 500 to 1500 r/min
at constant torque (3 N.m), followed by load torque variations
between 3 and 9 N.m at 1500 r/min. The adaptive gain is
initialized at m̄(t0) = 80 and exhibits dynamic responses to
system state changes. During transient processes caused by
speed and load variations, m̄(t) increases rapidly to compensate
for estimation errors, thereby ensuring fast convergence and
enhanced disturbance rejection capability. The corresponding
control input Δ̄ generated by the GA-HOTSMO with variable
gain coefficient M(s, t) is illustrated in Fig. 14. The gain co-
efficient adapts to system states in real-time: increasing when
state variables deviate significantly from the sliding surface
to maintain stability, and decreasing as states approach the
sliding surface to minimize chattering. This adaptive mecha-
nism effectively balances control performance and chattering
suppression.

The coordinated behavior between m̄(t) and Δ̄ validates the
proposed adaptive strategy. The rapid adaptation of m̄(t) during

Fig. 15. Motor speed and speed error when load torque changes at 1000 r/min.
(a) HOTSMO. (b) GA-HOTSMO.

Fig. 16. Motor speed and speed error when accelerating and decelerating.
(a) HOTSMO. (b) GA-HOTSMO.

transients directly enhances the disturbance rejection capability
of Δ̄. Although adaptive smoothing is applied to the current
error derivativedδi/dt in sliding mode, m̄(t) still exhibits certain
high-frequency fluctuations. However, as evidenced in Fig. 14,
these fluctuations have minimal impact on Δ̄, which maintains
stable operation without inducing excessive chattering, thereby
ensuring robust system performance.

Fig. 15 shows the experimental results of the SPMSM at
a speed of 1000 r/min under different load torques, includ-
ing the actual motor speed, estimated speed, and speed error.
The load torque jumps from 3 to 9 N.m during loading and
from 9 N.m back to 3 N.m during unloading. Under different
load torque conditions, the speed error range observed using
HOTSMO is δSpeed ∈ (−1.5 r/min, 7.5 r/min). In contrast, the
speed error range observed using GA-HOTSMO is δSpeed ∈
(−0.45 r/min, 2.13 r/min). The experimental data indicate that
the speed error observed using GA-HOTSMO is significantly
smaller than that observed using HOTSMO under different load
torque conditions.

Fig. 16 presents the results of the motor speed changes
observed under HOTSMO and GA-HOTSMO, including the
actual motor speed, estimated speed, and speed error. During
acceleration, the speed increases from 500 to 1500 r/min, and
during deceleration, the speed decreases from 1500 to 500 r/min,
with a load torque of 9 N.m. The speed error range obtained
using HOTSMO is δSpeed ∈ (−11.44 r/min, 14.48 r/min). The
speed error range obtained using GA-HOTSMO is δSpeed ∈
(−3.64 r/min, 5.32 r/min). The estimated speed and speed error
clearly show that the speed oscillation error observed using
GA-HOTSMO is significantly smaller than that observed using
HOTSMO.

Moreover, Figs. 15 and 16 clearly demonstrate that the tran-
sient performance of the motor under both HOTSMO and GA-
HOTSMO observers is almost identical, with both achieving



6564 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

TABLE II
COMPARISON OF OBSERVER PERFORMANCE

TABLE III
COMPUTATIONAL BURDENS OF TWO DIFFERENT ALGORITHMS

finite-time convergence. However, in terms of rotor position es-
timation accuracy, GA-HOTSMO shows superior performance.

C. Performance Comparison

The experiment aims to compare the performance between the
HOTSMO observer and the GA-HOTSMO observer. Since the
performance of HOTSMO far surpasses that of traditional SMO
observers and ESMO, further discussion on these is omitted
here [26]. Table II compares performance indicators of the
traditional first-order SMO, extended SMO, HOTSMO, and
GA-HOTSMO.

D. Computational Burden Evaluation

Table III compares the computational burden of the tradi-
tional HOTSMO and the proposed GA-HOTSMO. It is ob-
served that the computation time of GA-HOTSMO is 13.72 μs,
approximately 1.35 times that of HOTSMO. This increase in
computation time is consistent with the added complexity of
the adaptive gain mechanism in GA-HOTSMO. In this study,
the control period is set to 100 μs; therefore, the computation
time of GA-HOTSMO occupies about 13.72% of the control
period. This computational load is well within the acceptable
range for industrial applications, satisfying standard real-time
processing requirements.

VI. CONCLUSION

In this article, the GA-HOTSMO is proposed to address
the issues of chattering, nonfinite time convergence, and low
estimation accuracy in traditional SMOs, extended SMOs, and
traditional higher order SMOs for PMSM control systems.
GA-HOTSMO effectively suppresses system chattering while
ensuring the stability of the observer, which can more accu-
rately observe the stator current and back-EMF information
and thus improve the estimation accuracy of motor speed and
rotor position. Experimental verification showed that the current
error and back-EMF error observed by GA-HOTSMO were
significantly reduced compared to HOTSMO, greatly improving

the estimation accuracy of current and back-EMF while reducing
system chattering. Therefore, by using the back-EMF observed
by GA-HOTSMO, the rotor speed and position information can
be more accurately extracted, thereby improving the control
accuracy. GA-HOTSMO was verified in experiment to improve
system performance in terms of chattering suppression, finite
time convergence, estimation accuracy improvement, and dy-
namic performance improvement.
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